Virus-specific ribonucleic acid (RNA), synthesized in influenza virus-infected cells from 3.5 to 7.5 hr after infection, was studied. After velocity centrifugation in sucrose, three peaks of virus-specific RNA could be identified: 34S, 18S, and llS. These RNA species are predominantly single-stranded and consist of 90% viral (plus) and 10% complementary (minus) RNA strands. Most (75%) of the complementary RNA is single-stranded, i.e., not part of RNA duplexes or replicative intermediates. The 345 RNA species is an aggregate of 18S and 14S RNA species. Both 18S and 1lS RNA species are relatively heterogenous compared to 18S ribosomal RNA, and these species probably contain different RNA molecules having closely related sedimentation coefficients.
Small ribonucleic acid (RNA) viruses, e.g., poliovirus, mengovirus, mouse encephalomyocarditis virus, Semliki Forest virus, tobacco mosaic virus, MS-2, R-17, and Q-B viruses, replicate via intracellular synthesis of an RNA species which is complementary to single-stranded viral RNA (18, 21) . The active replicative complex of the RNA of these viruses, the replicative intermediate (RI) , is thought to consist of one complementary and several nascent viral RNA strands along with the needed replicase molecules (4, 12, 13, 14) . The relationship between RI and the formation of progeny viral RNA molecules has been demonstrated in the replication of polio and Q-3 viruses (14, 16) . However, relatively little is known about the replication of more complex RNA viruses, such as myxoviruses. Recently, it has been shown that RNA isolated from purified influenza virus is single-stranded and consists of 21S as well as smaller RNA molecules (11, 17, 19) . Kingsbury (15) and Bratt and Robinson (9) found that complementary RNA molecules of varying sizes accumulate in cells infected with Newcastle disease virus (NDV), a paramyxovirus. On the other hand, Duesberg and Robinson (11) isolated, from chick embryonic cells infected with influenza virus, virus-specific RNA which consisted mainly of single, plus strands. These investigators also detected some double-stranded virus-specific RNA after ribonuclease treatment.
This report describes some of the properties of virus-specific RNA synthesized in chick embryonic cells infected with equine influenza virus (EIV). Plus strands were produced in excess compared to complementary strands, in a ratio of approximately 9:1. Most (75%) of the complementary strands are not associated with plus strands, and the remainder (25%) are part of replicative complexes. As described in another report (D. P. Nayak and M. A. Baluda, Proc. Natl. Acad. Sci. U.S., in press), the native replicative complex of influenza RNA has characteristics similar to those of RI of small RNA viruses. Virus and cells. The American (Miami) strain of equine influenza virus (EIV) was used in all experiments. The stock virus was prepared according to a procedure described previously (17) , and it contained grown in 150-mm plastic petri dishes (Falcon Plastic, Los Angeles, Calif.) with 10% fetal calf serum in the growth medium, according to the method of Simpson and Hirst (22) . Confluent monolayers were usually formed 48 hr after incubation at 37 C in a C02-air atmosphere.
Monolayers of CEF in plastic petri dishes (150 mm) were infected with EIV at an input multiplicity of 25 iu/cell. After approximately 50 min, the inoculum was removed, and the monolayers were washed with PBS and covered with 10 ml of virus propagation medium containing Earle's basal salt solution, lactalbumin hydrolysate (0.5%), sodium bicarbonate (0.1125%), dialyzed calf serum (5%), thymidine (10-5 M) , penicillin (200 units/ml), and streptomycin (200 ,ug/ml). Usually, more than 80% of the cells
were producing virus at 6 hr postinfection, as determined by hemadsorption (25) . The methods of harvest and assay of infectious virus, HA, and viral antigens were described elsewhere (17) .
In the experiments for incorporation of 3H-uridine or nPO4, infected cells were covered with 5 ml of virus propagation medium. Actinomycin D was added at 3 hr postinfection to give a final concentration of 0.5 or 1 jig/ml, and, 0.5 hr later, 3H-uridine or 3PO, was added to the culture in 1 ml of the same medium containing actinomycin D. Actinomycin D at a concentration of 0.5 or 1 ,ug/ml did not significantly affect the production of virus nor the incorporation of radioactivity into viral RNA. In noninfected cells, these concentrations of actinomycin D inhibited by 97% incorporation of 3H-uridine into trichloroacetic acid-precipitable radioactivity. Synthesis of 28S and 18S ribosomal RNA was completely inhibited, and the entire label was present in 4S sRNA.
Purification of virus and extraction of viral RNA. Purification of influenza virus and isolation of viral RNA was described elsewhere (17 Both samples were pooled and diluted 2.5 times with NTE buffer (pH 7.4), SDS was added to a concentration of 1%, and the mixture was reextracted once with phenol as before. RNA was precipitated twice with ethyl alcohol and was stored at -20 C in 67% ethyl alcohol. Ribonuclease treatment for detection of ribonuclease resistance. Double-stranded RNA exhibited resistance to ribonuclease in increased salt concentration. The conditions used for detection of ribonuclease resistance were similar to the conditions described by Baltimore (3) and Billeter, Weissmann, and Warner (6) . RNA was treated with ribonuclease (100 ,ug) in a volume of 1 ml of 2 X SSC at 37 C for 30 min. Ribonuclease-resistant RNA was precipitated by the addition of 100 j,g of BSA and trichloroacetic acid to a concentration of 5%. The precipitate was collected over filters (Millipore Corp., Bedford, Mass.).
The effects of variation in salt concentration, in length of incubation time at 37 C, and in concentration of ribonuclease on the susceptibility of doublestranded RNA to ribonuclease were determined. We used 12S double-stranded virus-specific RNA which was obtained by annealing and ribonuclease treatment (D. P. Nayak and M. A. Baluda, Proc. Natl. Acad. Sci. U.S., in press). Ribosomal RNA (28S) and viral RNA (21S) served as the single-stranded material. Double-stranded RNA was resistant (95 to 100%) to ribonuclease (100 ig/ml) in 2 X SSC or in 102 M MgCl2. It was also found that 10 jAg of ribonuclease per ml and 10 min of incubation at 37 C in 2 X SSC were sufficient to render 97% of the singlestranded RNA acid-soluble. Increasing the ribonuclease concentration to 200 ,ug/ml and the time of incubation to 1 hr (at 37 C) did not affect the ribonuclease-resistant fraction of double-stranded RNA. Therefore, the chosen conditions of ribonuclease treatment, i.e., 2 X SSC, 100 ,ug/ml of ribonuclease, and 30 min of incubation at 37 C, were sufficient to digest selectively single-stranded RNA without affecting double-stranded RNA.
Annealing. Annealing was carried out in sealed ampoules, containing 25 or 50 ,uliters of RNA dissolved in 2.5 X SSC, which were heat-treated and then allowed to cool to room temperature over a period of 18 hr. Two different methods of heat treatment were used: (i) heating at 85 C for 1.5 hr, or (ii) heating at 118 C for 3 min then at 85 C for 1.5 hr. At 85 C in high salt concentration, only the singlestranded viral and complementary RNA strands could be stretched after destruction of intramolecular hydrogen bonds and could anneal. Under these conditions, double-stranded forms and replicative intermediates were not dissociated since the Tm of double-stranded RNA is above 85 C. On the other hand, after heating at 118 C, both single-and doublestranded RNA molecules were denatured and could participate in annealing or reannealing. 
RESULTS
Effect of actinomycin D on virus replication in influenza-infected cell. Actinomycin D suppresses the replication of influenza viruses if added immediately after infection (5). This was confirmed in our experiments; the replication of strains WSN and EIV was inhibited by 100% and 97%, respectively, if the inhibitor (0.5 ug/ml) was added immediately after infection. On the other hand, if actinomycin D was added 2.5 hr postinfection, the replication of WSN virus was only inhibited by 50% and equine virus was not inhibited at all, if measured by HA production. It was possible, therefore, to bypass the actinomycin D-sensitive phase in viral replication and to suppress specifically host cell RNA synthesis if the replication of virus was studied from 3 to 8 hr postinfection in presence of actinomycin D. Since the equine virus strain was less sensitive to the inhibitory effect of actinomycin D, this strain was used in all the subsequent experiments, unless otherwise indicated.
RNA synthesis by influenza infected cells in presence of actinomycin D. The synthesis of virusspecific RNA in infected cells was studied in the presence of actinomycin D under conditions which did not affect virus multiplication. The first experiment was designed to study the overall rate of RNA synthesis in the infected cells. CEF cultures were infected, actinomycin D (0.5 ,ug/ml) was added 2.5 hr postinfection, and 3H-uridine (20 ,uc/plate) was added 0.5 hr after addition of actinomycin D. At various time intervals afterward, trichloroacetic acid-precipitable radioactivity was determined from duplicate infected cultures and compared with that of noninfected control cultures. The results ( Fig. 1 The rate of RNA synthesis was also studied by pulse labeling with 3H-uridine for 1 hr at varied time intervals after actinomycin D treatment. Increased rate of RNA synthesis in infected cultures compared to control cultures was evident throughout this period (3 to 8 hr postinfection), with a maximum around 4 to 5 hr postinfection.
RNA profile from influenza-infected cells. Infected and control cells were treated with actinomycin D (0.5 ,g/ml) at 3 hr postinfection and with 3H-uridine at 3.5 hr postinfection. After 4 hr of incubation in the presence of 3H-uridine and actinomycin D, RNA was isolated and analyzed by velocity sedimentation centrifugation. The distribution of 3H-labeled RNA from noninfected and infected cells is presented in Fig. 2 . The peaks on the optical density (OD) curve indicate the position of 28S and 18S ribosomal RNA and 4S sRNA. Most of the radioactivity in the control cultures was incorporated into the sRNA. In the RNA isolated from infected cells, there were three major peaks of radioactivity which are absent in the RNA from noninfected cells. The peak at fraction no. 11 was designated 34S RNA. A second peak, fraction no. 17, coincided with the 18S ribosomal RNA, and a third peak at fraction no. 20 was designated 115 RNA.
Recentrifugation of individual peaks of virusspecific RNA. For further characterization, the RNA in each of these peaks was precipitated with ethyl alcohol, dissolved in buffer (0.01 M Tris-chloride, pH 7.4, 0.001 M EDTA), and recentrifuged in separate sucrose gradients containing 10-1 M salt. Unlabeled ribosomal RNA was used as a marker in each group. Each of the peaks returned to its original position on recentrifugation (Fig. 3A, B, C) .
Since no RNA with an S2o,w greater than 21S could be recovered from purified intact virions (17) , the nature of the 34S RNA was further studied. This was especially interesting because Agrawal and Bruening (1) claimed that undegraded influenza viral RNA has a sedimentation coefficient of about 34S. To see if the RNA in each of these peaks consisted of covalently linked, single-stranded molecules, a sample of each was prepared as above and heated at 100 C for 2 min in sealed ampoules, quenched immediately in ice water, and examined by sucrose velocity gradient centrifugation. As seen in Fig. 3D 18S and IiS. The relative broadness of these RNA peaks, as compared to the profile of ribosomal RNA, indicates heterogeneity similar to that seen with RNA isolated from purified virus (17) .
Ribonuclease treatment of the individual peaks of virus-specific RNA. To determine whether virusspecific RNA is single-stranded, the individual peaks (34S, 18S, 11S, and 4S) were treated with ribonuclease under conditions where doublestranded RNA is resistant and single-stranded RNA is not (see Materials and Methods). RNA components 34S, 18S, iS, and 4S were isolated from infected cells as in Fig. 2 . One sample from each peak was heated at 100 C for 10 (Table 2) show an increased ribonuclease resistance after selfannealing in each virus-specific RNA peak: from 5.8 to 18% for 34S RNA, from 5.6 to 27% for 18S RNA, and from 5.0 to 14% for llS RNA. This indicates the presence of free plus and minus strands in each peak.
Annealing after addition of unlabeled viral RNA in different concentrations to total RNA from infected cells. To determine whether the plus or the minus strand was present in excess, RNA isolated from infected cells was annealed in the presence of different concentrations of unlabeled influenza viral RNA. The annealing was carried out after heating the RNA mixture at 118 C for 3 min, to separate all the RNA strands which were already complexed in double-stranded structures.
The results in Table 3 show a decrease in the fraction of ribonuclease-resistant trichloroacetic acid-precipitable 3H radioactivity when 3H-labeled virus-specific RNA was annealed in the presence of increasing concentrations of unlabeled RNA isolated from purified virions. This decrease, 22 to 8%, indicates that the unlabeled viral strands were competing with 3H-labeled plus strands for annealing with minus strands.
The interpretation of these data depends on the specificity and efficiency of the annealing reaction. The specificity of the annealing reaction was demonstrated by the fact that an excess of yeast RNA did not affect the annealing reaction. a"Virus-specific intracellular RNA species with approximate sedimentation coefficients of 34S, 18S, and llS were isolated by velocity sedimentation centrifugation (Fig. 2) . The RNA was precipitated in ethyl alcohol, resuspended in 2.5 X SSC, and distributed in 50-Mliter portions in ampoules. Annealing at 85 C, ribonuclease treatment, and determination of ribonuclease-resistant, trichloroacetic acid-precipitable radioactivity were carried out as in Table 1 . b 3H-labeled virus-specific RNA from infected cells was treated as described previously and was dissolved in 2.5 X SSC. Samples (25 ,uliters) of this RNA were transferred to ampoules to which was added 25 ,uliters of 2.5 X SSC or 25 yliters of unlabeled viral RNA diluted to the desired concentration in 2.5 X SSC. Annealing after heating at 118 C for 3 min, ribonuclease treatment, and determination of trichloroacetic acid-precipitable radioactivity were carried out as in Table 1 .
The efficiency of the annealing reaction was determined in the next experiment. Virus-specific RNA, labeled and isolated as in Fig. 2 , was selfannealed after heating at 118 C as in Table 1 . After ribonuclease treatment and sucrose gradient centrifugation (see Materials and Methods), 125 double-stranded RNA was obtained. An amount of 12S RNA equal to the amount of ribonuclease-resistant RNA obtained in Table 3 , as determined by 3H radioactivity (2,400 counts/ min), was denatured at 118 C for 3 min and reannealed in 50 ,uliters of 2.5 X SSC as in Table 3 .
From 65 to 80% of the radioactivity was reannealed, as determined by ribonuclease-resistant trichloroacetic acid-precipitable radioactivity. Therefore, under similar experimental conditions, e.g., Tables 3 and 4 , the efficiency of annealing should approach 100%, especially if one of the strands is present in excess (this occurs in selfannealing of virus-specific RNA isolated from infected cells or in annealing after further addition of unlabeled RNA isolated from virions to the virus-specific RNA).
Therefore, from 3.5 to 7.5 hr postinfection, most of the 3H radioactivity was incorporated into plus strands, and, since only 21 to 22% of the total radioactivity in virus specific RNA can self-anneal, the plus strands must be present in excess.
Annealing after addition of unlabeled viral RNA VOL. 2, 1968 though the number of viral RNA strands exceeded the number of complementary strands in infected cells, the relative concentration of plus and minus strands may vary in the different virus-specific RNA species. This was determined by isolating 34S, 18S, and ilS RNA from infected cells as in Fig. 2 , adding unlabeled RNA isolated from virions to each, annealing the mixture, and testing for ribonuclease-resistant trichloroacetic acidprecipitable radioactivity as before.
The results presented in Table 4 show that most of the 'H radioactivity was incorporated into plus strands in all three virus-specific RNA species. In the 34S, 18S, and llS RNA species, 17, 26, Fig. 2 . RNA was precipitated from each peak and dissolved in 2.5 X SSC. Cold viral RNA from purified virus was isolated and dissolved in 2.5 X SSC. Samples (25 jlliters) of 3H-labeled virus-specific intracellular RNA (34S, 18S, or 11S) were transferred to ampoules along with 25 ,lliters of 2.5 X SSC or 25 ,Aliters of unlabeled virus RNA diluted to desired concentration in 2.5 X SSC. Annealing after heating at 118 C for 3 min, ribonuclease treatment, and determination of trichloroacetic acid-precipitable radioactivity were carried out as in Table 1. and 17%, respectively, of the trichloroacetic acidprecipitable radioactivity was ribonuclease-resistant after self-annealing under conditions where annealing is probably 100% efficient. In the 18S and 11S RNA species, the fraction of ribonuclease-resistant radioactivity decreased after annealing in the presence of increasing amounts of unlabeled viral RNA, and, in both cases, a plateau was reached at 12 :1 1%. Although a plateau was not reached with the 34S RNA species, trichloroacetic acid-precipitable ribonucleaseresistant radioactivity nevertheless decreased to 10% after annealing in presence of cold viral RNA. Therefore, plus strands appeared to be present in excess in all three virus-specific RNA species. The minus strands made up about 12% of the 185 and 115 virus-specific RNA synthesized from 3 to 7.5 hr postinfection. Less than 10% of the 345 RNA synthesized during that period of time consisted of minus strands.
Base composition of the different intracellular virus-specific RNA species. The average base composition of 34S, 18S, and 11S RNA from infected cells, as well as the average base composition of 28S and 18S ribosomal RNA from noninfected cells, are presented in Table 5 . The infected cells were labeled (1 mc Of '2PO4 per plate) from 3 to 7 hr postinfection in presence of actinomycin D as in Fig. 2 . Noninfected cells were labeled for the same length of time but without actinomycin D. The base composition of 28S and 18S RNA of chick cells was very close to the values obtained after labeling for 24 hr or more (1, 20) . This indicated that the labeling of cellular RNA was uniform during this relatively short period (4 hr) of exposure to 32p. The average base composition of 34S, 18S, and I iS RNA from infected cells was characteristically different from the values obtained for 28S and 18S ribosomal RNA from normal chick embryonic cells. However, the base composition of virus-specific 34S, 18S, or 11S RNA species was also different from that of the parental viral RNA (17), although they should be similar since about 90% of the radioactivity is present in the plus strands. The content of adenylic acid was higher than that in viral RNA. An increased content of adenylic acid after 4-hr pulses of 'qP labeling has also been found in virus-specific RNA in cells infected with L NDV and poliovirus (8, 9) .
Virus-specific RNA from cells infected with three other strains of influenza virus. 'H-labeled virus specific RNA was isolated from cells infected with WSN, N, and Swine influenza viruses and was analyzed in a sucrose gradient as in Fig. 2 . In each RNA preparation, there were three peaks (34S, 18S, and 11S) of virus-specific RNA, as was found in the case of equine virus. These RNA species a Virus-specific intracellular RNA species with sedimentation coefficients of 34S, 18S, or 11S were labeled with 32p between 3 and 7 hr postinfection in the presence of actinomycin D (see Materials and Methods) and were isolated by velocity sedimentation centrifugation as inFig. 2. Ribosomal RNA was labeled with 32p by exposing noninfected cells to 32p for 4 hr in the absence of actinomycin D. The 28S and 18S fractions were isolated by velocity sedimentation in sucrose. The average base compositions were determined from four separate runs by high voltage paper electrophoresis (see Materials and Methods).
I Single determination.
were predominantly single-stranded, as indicated by their susceptibility to ribonuclease and their sedimentation behavior in a sucrose gradient containing varying salt concentrations. After self-annealing of the intracellular virus-specific RNA, there was an increased resistance to ribonuclease treatment (Table 6 ). This indicates the presence of free plus and minus RNA strands which can form duplexes and thereby become ribonuclease-resistant by the annealing procedure. The characteristics of virus-specific RNA are therefore similar in cells infected with all these influenza virus strains.
DIscUSSION
In cells infected with influenza viruses, 18S and iiS virus-specific RNA components can be detected after labeling from 3.5 to 7.5 hr after infection. These two RNA components, 185 and llS, are predominantly single-stranded. In (11) . Nonspecific aggregates of similar but heterogeneous sizes were also formed during annealing in 2.5 X SSC (Nayak and Baluda, unpublished data). Self-annealing experiments dem- RNA shows that about 10% of the total radioactivity in RNA is present in complementary strands and the rest is present in plus strands. Since there is always a three-to fourfold increase in ribonuclease-resistant radioactivity after self-annealing, about 75% of the labeled complementary strands were single-stranded before annealing and about 25% were hydrogenbonded with viral strands in some sort of replicative complex.
Approximately 6% of the virus-specific RNA synthesized from 3.5 to 7.5 hr postinfection was ribonuclease-resistant (Tables 1, 2, 6 ). It is reported elsewhere (D. P. Nayak and M. A. Baluda, Proc. Natl. Acad. Sci. U.S., in press) that this ribonuclease-resistant RNA belongs to a fourth species of virus-specific RNA. This RNA species has a mean sedimentation coefficient of 14S, is partially ribonuclease-resistant (50% after 10-min pulse), actively participates in the replication of viral RNA, and has the characteristics of a replicative intermediate.
Complementary RNA not bound in an RNA duplex has been reported to be present in cells infected with another myxovirus, NDV, where 90% of the total virus specific RNA synthesized are minus strands (9, 15) . The role of single-stranded complementary RNA, other than as a template for plus strand synthesis in the replicative complex, is not known. The continued synthesis of complementary strands may be needed to replace complementary strands which become degraded in the active process of replication. Complementary strands may also act as messenger RNA.
In NDV-infected cells, complementary strands were found to be associated with polyribosomes (9) . It is evident that both plus and minus strands are synthesized during the infectious cycle of influenza virus, although they are synthesized at different rates. From the incorporation of radioactivity into plus and minus RNA strands, it appears that between 3.5 and 7.5 hr postinfection there is a predominant synthesis of plus strands. The relative rates of synthesis in earlier stages of the infection cycle cannot be determined because that stage is sensitive to actinomycin D.
RNA isolated from purified virus is heterogeneous and contains more than one RNA component, i.e., 21S, 18S, 14S, and 8S (17) . All these RNA components can be detected only after prolonged centrifugation. Broadness of 18S and 11S virus-specific RNA components from infected cells, compared to the profile of 18S ribosomal RNA, indicates that they are heterogeneous and may contain more than one RNA species (Fig. 2) . Influenza virus produces incomplete virus at the high multiplicity of infection used in this study (23) . The predominance of viral RNA strands in the infected cell may then be partly caused by an inefficiency in the incorporation of RNA into virions. This was checked by infecting CEF at a multiplicity of infection of 0.1 with a virus suspension which contained a minimal proportion of incomplete virus (17) . Actinomycin D was added 16 hr postinfection, 3H-uridine was added 30 min later, and RNA was extracted after an additional 4 hr of incubation. The results were essentially similar to those obtained with a multiplicity of infection of 25. In addition, in cells infected with poliovirus, which does not mature at the cell surface and does not show incomplete virus production, there was also a large accumulation of viral RNA in the infected cells (26) . Finally, in cells infected with NDV, which does not show incomplete virus production, there was an excessive accumulation of complementary strands (9) .
